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Pharmacological strategies to resolve acute inflammation
Lirlândia Pires Sousa1,2, Ana Leticia Alessandri3, Vanessa Pinho1,4 and
Mauro Martins Teixeira1
The inflammatory response is a physiological process that has
the major role of restoring tissue homeostasis. However,
uncontrolled or unresolved inflammation may cause tissue
damage and contribute to the pathogenesis of chronic
inflammatory and autoimmune diseases. Current
pharmacological therapies to treat inflammatory maladies
focus on inhibition of the productive phase of the inflammatory
response including inhibition of leukocyte influx. Resolution of
inflammation is an active process, which relies on the
production of pro-resolving molecules and activation of
intracellular pathways. Here, we will discuss mechanisms and
therapeutic potential of pharmacological strategies, which
accelerate resolution in animal models of acute inflammation
by mimicking or inducing natural pathways of resolution phase
of inflammation.
Addresses
1
Imunofarmacologia, Departamento de Bioquı́mica e Imunologia, ICB,
Universidade Federal de Minas Gerais, Belo Horizonte, Brazil
2
Departamento de Análises Clı́nicas e Toxicológicas, Faculdade de
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Introduction
The inflammatory response is a spatially and temporally
orchestrated event of innate immunity in which cells and
mediators collaborate to neutralize and eliminate the
damaging stimuli to allow maintenance of homeostasis
[1]. Therefore, inflammation is believed to be a physiological response, which ultimately aims to restore tissue
architecture and function. In the context of infection, the
initial inflammatory response may protect the host and be
self-limiting, progressing to complete resolution [2].
However, if deregulated, acute inflammation may not
resolve and can progress to a more chronic situation that
eventually results in scarring and fibrosis. These events
www.sciencedirect.com

are believed be involved in the progression of many of the
inflammatory diseases including asthma, atherosclerosis,
chronic obstructive pulmonary disease and rheumatoid
arthritis [3].
Resolution of inflammation is an active and continuous
process, which involves activation of endogenous programs with production and activation of different biochemical mediators and signaling pathways to ensure
rapid and successful restoration of tissue homeostasis
[2,3,4,5,6] (Figure 1). In fact, resolution requires termination of the inflammatory response mainly by diminishing
granulocyte recruitment; switching from pro-inflammatory mediator generation to pro-resolution mediators,
including lipoxins (LXs), resolvins (Rvs), protectins, maresins, cyclopentenone prostaglandins (CyPGs), glucocorticoids (GCs), melanocortins (MCs), annexin A1 (AnxA1)
and interleukin (IL)-10; turning off signaling pathways
associated with cytokine production and leukocyte survival; apoptosis of recruited inflammatory cells (granulocytes) followed by nonphlogistic clearance by
macrophages and reprogramming of these cells toward
pro-resolution phenotypes (for review, see [6]).
Available anti-inflammatory therapies have been developed for their capacity to inhibit or antagonize the production or action of pro-inflammatory mediators. If the
early productive stages of the inflammatory response are
prevented there will be prevention or slowing of the
progression of inflammatory disease. For example, antibodies that target specific pro-inflammatory cytokines
such as tumor necrosis factor (TNF)-a and IL-1b, prevent local production of chemokines and expression of
cell adhesion molecules, leading to decreased leukocyte
influx. Importantly, certain anti-inflammatory agents such
as steroids, may be considered resolution-safe since they
promote phagocytosis of apoptotic leukocytes and
increase AnxA1 release, whereas other anti-inflammatory
compounds may be considered resolution-toxic and actually lead to longer duration of the inflammatory response
[4]. For example, cyclooxygenase (COX)-2 inhibitors
block production of prostaglandin (PG)D2 and may protract resolution of inflammation [7], an event also
observed after inhibition of nuclear factor (NF) kappa
B [5].
A growing knowledge of the events, mediators and biochemical pathways involved in the resolution phase of
inflammation has brought new opportunities to control
inflammatory disease (Figure 1). Using this line of
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Turning off acute inflammation: possible pharmacological targets. There are targetable points on the resolution process (numbers on the squares).
Some resolution-based therapies, for example, ATL (aspirin-triggered LX), have been proven to act in several ways to induce resolution.

thinking, there are several distinct opportunities to
develop drugs that induce apoptosis, enhance efferocytosis, increase recruitment of nonphlogistic macrophage,
induce reprogramming of macrophages toward a proresolutive phenotype capable of releasing pro-resolving
molecules. As mentioned above, the concept of targeting
the resolution phase of inflammation is fundamentally
distinct from and may be complementary to targeting the
productive phase of the inflammatory process.
Although pathways involved in apoptosis and phagocytosis
of apoptotic cells in vitro may also be relevant in the context
of an inflammatory response, it is clear that pharmacological strategies based on relevant pathways must be tested in
the much more complex in vivo situation. Table 1 describes
studies that have tested known anti-inflammatory drugs
and novel compounds in the context of the resolution of
inflammation. The anti-inflammatory and pro-resolving
properties of endogenous and synthetic lipids derived from
polyunsaturated fatty acids have been extensively investigated and reviewed by Prof. Serhan’s group and others,
and will not be highlighted herein. These specialized lipid
mediators limit neutrophilic accumulation and enhance
Current Opinion in Pharmacology 2013, 13:1–7

influx and function of pro-resolutive macrophages. As such,
pro-resolving lipids have major anti-inflammatory effects
in various animal models of acute and chronic inflammation
[8,9,10,11,12–15]. Studies have reported that 15-deoxyDelta12,14-prostaglandin J2 (15d-PGJ2), a COX2-derived
CyPG, has anti-inflammatory and potentially pro-resolutive actions [16,17]. CyPGs accelerate resolution of the
inflammation by preventing cell recruitment and inducing
apoptosis via both peroxisome proliferator-activated receptor gamma (PPARg)-dependent and independent
mechanisms. MC peptides and their receptors (MC1 and
MC3) have also been appreciated as anti-inflammatory in
many experimental models of acute and chronic inflammation [18]. In fact, a-melanocyte-stimulating hormone
(MSH) analog AP214 has been shown to resolve zymosaninduced peritonitis, reduce clinical score in experimental
arthritis and induce efferocytosis in vivo [19]. Given the
importance of endogenous mechanisms of resolution acting as stop signal of the inflammatory response, many
pharmacological strategies are based on the concept
that agonists or inducers of pathways/molecules of the
resolving phase of inflammation will promote or potentiate
resolution.
www.sciencedirect.com
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Table 1
Summary of proresolving strategies trialed in animal models of acute inflammation
Administration of drugs/compounds
Glucocorticoids
Rolipram and cAMP elevating
agents
LXs and ATLs
(aspirin-triggered LX)
Resolvins (RvE1 and RvD1)

Protectins
Maresins (by using MaR1 a
synthetic compound)
AnxA1, its bioactive peptide
Ac2-26 or superAnxA1
Pro-oxidants (H2O2)
PGD2 and 15d-PGJ2
CDK inhibitors (R-roscovitine,
AT7519)
HDAC inhibitors (valproic acid
and sodium butyrate)
PI3K inhibitors (LY294002,
Wortmannin)
NF-kB inhibitors (gliotoxin,
SN-50)
ERK1/2 inhibitor (PD98059)
a-MSH (by using the agonist
AP214)

Effects on resolution of inflammation
Decrease leukocyte accumulation, induce granulocyte
apoptosis
Decrease leukocyte accumulation and induce
granulocyte apoptosis
Decrease leukocyte accumulation, induce neutrophil
apoptosis and efferocytosis, enhance bacterial
phagocytosis, increase IL10 production
Decrease neutrophil infiltration, increase neutrophil
apoptosis and efferocytosis, mitigation of pro-survival
signals, potentiates antibiotic clearance of bacteria
Decrease neutrophil infiltration, increase phagocytosis
of apoptotic neutrophil and zymosan particles
Decrease neutrophil infiltration, enhance uptake of
apoptotic neutrophils by human macrophages and
reduce neuropathic pain
Decrease leukocyte accumulation, induce neutrophil
apoptosis and efferocytosis, increase IL-10 production
Decrease leukocyte accumulation and induce
neutrophil apoptosis
Decrease leukocyte accumulation and induce
leukocyte apoptosis
Decrease leukocyte accumulation and induce
granulocyte apoptosis
Decrease leukocyte accumulation and induce
granulocyte apoptosis AnxA1-dependently
Decrease granulocyte accumulation and induce
neutrophil and eosinophil apoptosis
Decrease granulocyte accumulation and induce
granulocyte apoptosis
Decreases leukocyte accumulation and induces
granulocyte apoptosis
Inhibits neutrophil infiltration and increases
efferocytosis of human apoptotic neutrophil

Inhibitors of intracellular survival pathways
We and others have shown that apoptosis precedes and
plays a major role in the resolution of acute neutrophilic
and eosinophilic inflammation in vivo [2,20–25,26].
Apoptotic cells dampen inflammatory signals by sequestering chemokines, releasing molecules that inhibit
further granulocyte influx and attract monocytes, and
by reprogramming macrophages [2,27]. Several molecular pathways regulate leukocyte survival and death during
inflammatory responses. However, definite evidence for
the participation of intracellular signaling pathways for
the resolution of inflammation in animal models exists
only for a few pathways (Table 2). Understanding mechanisms that regulate apoptosis in vivo is vital in providing
clues at which molecular pathways one should focus to
develop novel therapeutic strategies. For instance, inhibitors of phosphoinositide-3 kinase (PI3K), extracellularsignal-regulated kinase (ERK1/2) and NF-kB administered at the peak of leukocyte influx promote resolution
in acute models of inflammation by enhancing apoptosis
of inflammatory cells [20–24]. In addition, the group of
www.sciencedirect.com

Animal model of
inflammation

References

Pleurisy

[38,23]

Pleurisy

[23,24]

Peritonitis, intestinal
ischemia/reperfusion,
ALI (acute lung injury)
Allergic airway
inflammation, ALI,
inflammatory pain
Peritonitis

[8,9,10]

[11,12–14,29]

Peritonitis

[15]

Pleurisy, peritonitis,
arthritis, intestinal
ischemia/reperfusion
Adjuvant-induced
arthritis
Pleurisy, peritonitis

[9,34,35,37,38]

Pleurisy, arthritis,
bleomycin-induced lung
injury, meningitis
Peritonitis

[25,26,28]

Pleurisy

[22–24]

Adjuvant-induced
arthritis, pleurisy
Pleurisy

[21,23]
[20]

Peritonitis, arthritis

[19]

[14,29]

[21]
[16,17]

[36]

Prof. Rossi has explored the therapeutical potential of
cyclin-dependent-kinase inhibitors (CDKi) (R-roscovitine and AT7519) in animal models of neutrophil and
eosinophil-mediated inflammation and shown that these
agents promote caspase-dependent resolution of inflammation [25,26]. Moreover, R-roscovitine administered
concomitantly with antibiotic therapy improved the resolution of the inflammation driven by pneumococcal infection and accelerated recovery [28], suggesting that
apoptosis based therapy may be useful along with the
conventional approach, thus increasing efficacy of treatment of infection-associated inflammatory disease. This
great potential of pro-resolving-based therapy in infectious diseases has been reinforced by another study with
resolvin D1 [29].

Glucocorticoids and AnxA1 modifying
compounds
GCs are the most important drugs that have been developed therapeutically for the treatment of many of
the inflammatory conditions and represents the first
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Table 2
Signaling pathways shown to be relevant for resolution of
inflammation in vivo
Signaling pathways

Effects on granulocytes

References

NF-kB
PI3K/Akt
ERK1/2
CDKs
cAMP/PKA

Anti-apoptotic
Anti-apoptotic
Anti-apoptotic
Anti-apoptotic
Pro-apoptotic

[21,23]
[22–24]
[20]
[25,26,28]
[23,24]

successful exploitation of an endogenous anti-inflammatory mediator, cortisol. The actions of endogenous GC are
complex and depend on the induction of anti-inflammatory regulatory proteins as well as inhibition of signaling
pathways such as NF-kB and AP-1 [30,31,32]. Among
the GC-induced proteins, AnxA1 has been shown to have
anti-inflammatory and pro-resolving properties in various
animal models of inflammation and in physiological conditions [9,33–36,37,38]. In fact, AnxA1 limits initial
steps of inflammation, specifically recruitment of leukocytes and generation of mediators [30]. AnxA1 also acts
on the resolution phase of inflammation by inducing
apoptosis of neutrophils and increasing efferocytosis by
macrophages. Both events were first reported in vitro
[39,40] and validated in in vivo settings [37,38]. Importantly, the production and action of AnxA1 are involved in
pro-resolutive effects of GCs [33,38] and histone deacetylase (HDAC) inhibitors [36]. In fact, administration of
HDAC inhibitors such as valproic acid and sodium butyrate at the peak of the zymosan-induced peritonitis
accelerated resolution in wild type, but much more modestly in AnxA1 null mice. These effects of HDAC inhibitors are through apoptosis and efferocytosis mediated by
AnxA1 [36]. Our group [38] and others have explored
the therapeutical potential of Ac2-26 peptide, an AnxA1
peptidomimetic that retains the biological activity of the
whole protein. The administration of Ac2-26 during
established lipopolysaccharide (LPS)-induced pleurisy
promoted caspase-dependent resolution of neutrophilic
inflammation associated with the induction of neutrophil
apoptosis. Mechanistically, Ac2-26 resolved inflammation
shifting the balance of LPS-elicited pro-survival signals
toward apoptosis of inflammatory cells. Moreover, AnxA1
drove natural and dexamethasone-induced resolution of
inflammation [38].
Cleavage of AnxA1 inactivates the protein and is associated with loss of pro-resolving activities. The injection of
anti-inflammatory drugs such as dexamethasone and the
phosphodiesterase (PDE)4 inhibitor, rolipram, prevented
AnxA1 cleavage and this was associated with resolution of
neutrophilic inflammation [38]. In fact, AnxA1 cleavage
resistant protein was more effective in ameliorating several aspects of inflammation [34,35], reinforcing the
idea that either AnxA1 cleavage resistant mutant, its
Current Opinion in Pharmacology 2013, 13:1–7

peptidomimetics or drugs that induce anxA1 or prevent
its cleavage in vivo may represent a powerful anti-inflammatory and pro-resolving strategy for the treatment of
inflammatory diseases, retaining at least in part, some of
the anti-inflammatory and pro-resolutive properties of
GCs. In addition to AnxA1, there are other GC-induced
proteins with anti-inflammatory properties including GCinduced leucine zipper (GILZ) and mitogen-activated
protein kinase phosphatase (MKP-1) whose pro-resolving
abilities remain to be unveiled [30,31,32].

Phosphodiesterase 4 inhibitors and other
cAMP elevating agents
Cyclic adenosine monophosphate (cAMP) has been
shown to play an important role in the immune system,
usually promoting suppressive effects on the functions of
inflammatory cells [41]. During recent years, there is a
growing body of evidence showing that cAMP is also
involved in resolution of inflammation [23,24,42,43].
Studies have reported that cAMP induces a switch of
pro-inflammatory macrophages into resolution-phase
macrophages [42] and that lower levels of cAMP and
adenosine may account for the phenotype observed in a
murine model of nonresolving inflammation [43]. In
addition, we have described in murine models of neutrophil and eosinophil-mediated inflammation that cAMP
elevation promoted by administration of rolipram or by
cAMP mimetic drugs induced resolution of both eosinophilic and neutrophilic inflammation. Rolipram-mediated
resolution was PKA-dependent and due to caspase-dependent granulocyte apoptosis and associated with inhibition of the PI3K/Akt and modulation of apoptosiscontrolling proteins [23,24]. cAMP also seems to be part
of pro-resolving abilities of MC peptides [19] and lysophosphatidylserine (lyso-PS) [44]. Recently, we have also
described that rolipram-induced resolution of neutrophilic inflammation was related to increased accumulation of
AnxA1 [38]. Thus, the pro-resolving role of cAMP
modulating agents found in our in vivo models is in line
with other studies and reinforces the idea that cAMP
elevating drugs may be a useful therapeutic strategy to
induce resolution of inflammation.

Reactive oxygen species (ROS) and resolution
We have recently shown by both genetic and pharmacological approaches a role for hydrogen peroxide (H2O2) in
resolving neutrophilic inflammation in a murine model of
antigen-induced arthritis [21]. In this model, the peak of
neutrophil influx occurs at the same time (24 hours) as
that of H2O2 production. More importantly, there was
delayed resolution in gp91phox/ mice or after administration of catalase to wild-type animal (strategies which
impair the production of ROS) suggesting that H2O2
contributes to natural neutrophil clearance. Animals that
were treated with either low dose H2O2 or superoxide
dismutase (SOD) at the peak of the inflammatory process
(thereby increasing the local levels of H2O2) had
www.sciencedirect.com
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enhanced resolution of inflammation concurrent with an
increased number of apoptotic neutrophils and accumulation of the pro-apoptotic protein Bax and activated
caspase-3. Inhibition of Akt phosphorylation and
decreased NF-kB p65 translocation to the nucleus
appeared to be the major mechanisms by which H2O2
affected neutrophil survival in murine antigen-induced
arthritis [21]. Administration of intravenous immunoglobulin preparations, which are beneficial therapeutic
agents in the treatment of autoimmune systemic inflammatory diseases, may also increase the production of
intracellular H2O2 and induce apoptosis of LPS-stimulated neutrophils in vitro [45]. As such pharmacological
modulation of H2O2 production may represent a novel
therapeutic target to modulate neutrophilic inflammation.

Efferocytosis management
Macrophages are thought to be the mastermind cells that
orchestrate the series of events leading to successful
resolution of inflammation. During the onset of inflammation macrophages exhibit pro-inflammatory responses
to pathogens and tissue injury, whereas during the resolution phase they promote clearance of apoptotic granulocytes, produce anti-inflammatory cytokines, pro-resolving
mediators and limits dysregulated tissue repair/fibrosis
[27,44]. Nonphlogistic phagocytosis of apoptotic cells by
macrophages (efferocytosis) is a critical process in the
resolution program. Disintegration of late apoptotic cells
releases toxic intracellular contents that protract inflammation and defective apoptotic cell clearance is associated with many autoimmune and chronic inflammatory
disorders [2,3]. A body of in vitro and in vivo evidence
shows that phagocytes that consume apoptotic granulocytes switch toward a pro-resolutive phenotype that suppresses the inflammatory response.

5

provides a tightly regulated signal for clearance of leukocyte in acute and chronic inflammation and may be useful
for drug development strategies.

Conclusions and perspectives
Resolution of inflammation is an active process, which
involves key events including leukocyte apoptosis, recognition and efferocytosis, and switch of macrophage phenotype from pro-inflammatory toward to a pro-resolution
profile. There are now several proof-of-concept in vivo
studies clearly showing that resolution-based strategies
are effective in preclinical models of human disease.
Further studies are clearly needed to identify most effective inducers of resolution, define molecular pathways
involved in the process and whether these are amenable
to drug development, and ultimately translate current
preclinical studies into human disease. In this regard, a
limitation in the area has been the use of animal models of
inflammation, which are in general self-limiting. In fact,
most in vivo studies evaluate mediators and pathways
associated with resolution using strategies to accelerate or
block the recovery in systems, which naturally tend to
resolve. However, the studies in acute models of selfresolving inflammation have allowed mechanistic studies
and provided crucial clues, which should be exploited
further in more chronic nonresolving models of inflammation. We also need to know how much the enhancement of resolution will impart on fibrogenesis and
whether restoration of tissue function will indeed occur
if resolution is switched on earlier with pro-resolutive
strategies. Such knowledge in conjunction with the availability of orally available pro-resolving molecules should
certainly facilitate translation and ultimately develop a
new class of anti-inflammatory drugs.
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Pesquisa de Minas Gerais (FAPEMIG, Brazil), the Instituto Nacional de
Ciência e Tecnologia (INCT in Dengue) and the European Community’s
Seventh Framework Programme [FP7-2007-2013] under grant agreement
HEALTH-F4-2011-281608.
The authors convey their apologies to their colleagues if their original
contributions could not be included in the list references due to space
limitations.

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:
 of special interest
 of outstanding interest
1. Medzhitov R: Inflammation 2010: new adventures of an old

flame. Cell 2010, 140:771-776.
An excellent minireview of concepts of inflammation.
2.

Duffin R, Leitch AE, Fox S, Haslett C, Rossi AG: Targeting
granulocyte apoptosis: mechanisms, models, and therapies.
Immunol Rev 2010, 236:28-40.
Current Opinion in Pharmacology 2013, 13:1–7

Please cite this article in press as: Sousa LP, et al.: Pharmacological strategies to resolve acute inflammation, Curr Opin Pharmacol (2013), http://dx.doi.org/10.1016/j.coph.2013.03.007

COPHAR-1151; NO. OF PAGES 7

6 Immunomodulation

3.

Nathan C, Ding A: Nonresolving inflammation. Cell 2010,
140:871-882.

4.


Serhan CN, Brain SD, Buckley CD, Gilroy DW, Haslett C,
O’Neill LA, Perretti M, Rossi AG, Wallace JL: Resolution of
inflammation: state of the art, definitions and terms. FASEB J
2007, 21:325-332.
This review provides an overview of the concepts used in the field of
inflammation resolution.

5.

Gilroy DW, Lawrence T, Perretti M, Rossi AG: Inflammatory
resolution: new opportunities for drug discovery. Nat Rev Drug
Discov 2004, 3:401-416.

Alessandri AL, Sousa LP, Lucas CD, Rossi AG, Pinho V, Teixeira
MM: Resolution of inflammation: mechanisms and opportunity
for drug development. Pharmacol Ther 2013, in press
This review provides a comprehensive report of mediators and signaling
pathways involved in the resolution of the inflammatory process.

6.


7.

Gilroy DW, Colville-Nash PR, Willis D, Chivers J, Paul-Clark MJ,
Willoughby DA: Inducible cyclooxygenase may have antiinflammatory properties. Nat Med 1999, 5:698-701.

8.


Mitchell S, Thomas G, Harvey K, Cottell D, Reville K, Berlasconi G,
Petasis NA, Erwig L, Rees AJ, Savill J, Brady HR, Godson C:
Lipoxins, aspirin-triggered epi-lipoxins, lipoxin stable
analogues, and the resolution of inflammation: stimulation of
macrophage phagocytosis of apoptotic neutrophils in vivo. J
Am Soc Nephrol 2002, 13:2497-2507.
The first in vivo demonstration that LXA4 and its analogs promote
resolution of inflammation by promoting phagocytosis of apoptotic neutrophils.
9.

Souza DG, Fagundes CT, Amaral FA, Cisalpino D, Sousa LP,
Vieira AT, Pinho V, Nicoli JR, Vieira LQ, Fierro IM, Teixeira MM: The
required role of endogenously produced lipoxin A4 and
annexin-1 for the production of IL-10 and inflammatory
hyporesponsiveness in mice. J Immunol 2007, 179:8533-8543.

10. El Kebir D, Jozsef L, Pan W, Wang L, Petasis NA, Serhan CN,
Filep JG: 15-Epi-lipoxin A4 inhibits myeloperoxidase signaling
and enhances resolution of acute lung injury. Am J Respir Crit
Care Med 2009, 180:311-319.
11. El Kebir D, Gjorstrup P, Filep JG: Resolvin E1 promotes

phagocytosis-induced neutrophil apoptosis and accelerates
resolution of pulmonary inflammation. Proc Natl Acad of Sci U S
A 2012, 109:14983-14988.
This paper reports the role of RvE1 in promoting apoptosis in vivo by
mitigation of potent anti-apoptosis signals and induction of efferocytosis
to resolve acute lung inflammation.
12. Rogerio AP, Haworth O, Croze R, Oh SF, Uddin M, Carlo T,
Pfeffer MA, Priluck R, Serhan CN, Levy BD: Resolvin D1 and
aspirin-triggered resolvin D1 promote resolution of allergic
airways responses. J Immunol 2012, 189:1983-1991.
13. Xu ZZ, Zhang L, Liu T, Park JY, Berta T, Yang R, Serhan CN, Ji RR:
Resolvins RvE1 and RvD1 attenuate inflammatory pain via
central and peripheral actions. Nat Med 2010, 16:592-597.
14. Schwab JM, Chiang N, Arita M, Serhan CN: Resolvin E1 and
protectin D1 activate inflammation-resolution programmes.
Nature 2007, 447:869-874.
15. Serhan CN, Dalli J, Karamnov S, Choi A, Park CK, Xu ZZ, Ji RR,
Zhu M, Petasis NA: Macrophage proresolving mediator
maresin 1 stimulates tissue regeneration and controls pain.
FASEB J 2012, 26:1755-1765.
16. Gilroy DW, Colville-Nash PR, McMaster S, Sawatzky DA,
Willoughby DA, Lawrence T: Inducible cyclooxygenase-derived
15-deoxy(delta)12-14PGJ2 brings about acute inflammatory
resolution in rat pleurisy by inducing neutrophil and
macrophage apoptosis. FASEB J 2003, 17:2269-2271.
17. Rajakariar R, Hilliard M, Lawrence T, Trivedi S, Colville-Nash P,
Bellingan G, Fitzgerald D, Yaqoob MM, Gilroy DW: Hematopoietic
prostaglandin D2 synthase controls the onset and resolution
of acute inflammation through PGD2 and 15-deoxydelta12 14
PGJ2. Proc Natl Acad of Sci U S A 2007, 104:20979-20984.
18. Patel HB, Montero-Melendez T, Greco KV, Perretti M:
Melanocortin receptors as novel effectors of macrophage
responses in inflammation. Front Immunol 2011, 2:41.
Current Opinion in Pharmacology 2013, 13:1–7

19. Montero-Melendez T, Patel HB, Seed M, Nielsen S, Jonassen TE,
Perretti M: The melanocortin agonist AP214 exerts antiinflammatory and proresolving properties. Am J Pathol 2011,
179:259-269.
20. Sawatzky DA, Willoughby DA, Colville-Nash PR, Rossi AG: The
involvement of the apoptosis-modulating proteins ERK 1/2,
Bcl-xL and Bax in the resolution of acute inflammation in vivo.
Am J Pathol 2006, 168:33-41.
21. Lopes F, Coelho FM, Costa VV, Vieira EL, Sousa LP, Silva TA,
Vieira LQ, Teixeira MM, Pinho V: Resolution of neutrophilic
inflammation by H2O2 in antigen-induced arthritis. Arthritis
Rheum 2011, 63:2651-2660.
22. Pinho V, Souza DG, Barsante MM, Hamer FP, De Freitas MS,
Rossi AG, Teixeira MM: Phosphoinositide-3 kinases critically
regulate the recruitment and survival of eosinophils in vivo:
importance for the resolution of allergic inflammation. J
Leukoc Biol 2005, 77:800-810.
23. Sousa LP, Carmo AF, Rezende BM, Lopes F, Silva DM,
Alessandri AL, Bonjardim CA, Rossi AG, Teixeira MM, Pinho V:
Cyclic amp enhances resolution of allergic pleurisy by
promoting inflammatory cell apoptosis via inhibition of PI3K/
Akt and NF-kappaB. Biochem Pharmacol 2009, 78:396-405.
24. Sousa LP, Lopes F, Silva DM, Tavares LP, Vieira AT, Rezende BM,
Carmo AF, Russo RC, Garcia CC, Bonjardim CA, Alessandri AL
et al.: Pde4 inhibition drives resolution of neutrophilic
inflammation by inducing apoptosis in a PKA-PI3K/Aktdependent and NF-kappaB-independent manner. J Leukoc Biol
2010, 87:895-904.
25. Alessandri AL, Duffin R, Leitch AE, Lucas CD, Sheldrake TA,
Dorward DA, Hirani N, Pinho V, de Sousa LP, Teixeira MM,
Lyons JF et al.: Induction of eosinophil apoptosis by the cyclindependent kinase inhibitor AT7519 promotes the resolution of
eosinophil-dominant allergic inflammation. PLoS ONE 2011,
6:e25683.
26. Rossi AG, Sawatzky DA, Walker A, Ward C, Sheldrake TA,
 Riley NA, Caldicott A, Martinez-Losa M, Walker TR, Duffin R,
Gray M et al.: Cyclin-dependent kinase inhibitors enhance the
resolution of inflammation by promoting inflammatory cell
apoptosis. Nat Med 2006, 12:1056-1064.
This paper reports for the first time the pro-apoptotic effect of CDK
inhibitors on granulocytes and the ability of these compounds to improve
the resolution of established inflammation.
27. Soehnlein O, Lindbom L: Phagocyte partnership during the

onset and resolution of inflammation. Nat Rev Immunol 2010,
10:427-439.
This is an excellent review of the participation of macrophages in the
resolution of inflammation.
28. Koedel U, Frankenberg T, Kirschnek S, Obermaier B, Hacker H,
Paul R, Hacker G: Apoptosis is essential for neutrophil functional
shutdown and determines tissue damage in experimental
pneumococcal meningitis. PLoS Pathog 2009, 5:e1000461.
29. Chiang N, Fredman G, Backhed F, Oh SF, Vickery T, Schmidt BA,
 Serhan CN: Infection regulates pro-resolving mediators that
lower antibiotic requirements. Nature 2012, 484:524-528.
A paper shows that pro-resolution mediators protect mice during infection and potentiate antibiotic clearance of bacteria.
30. Perretti M, D’Acquisto F: Annexin A1 and glucocorticoids as
 effectors of the resolution of inflammation. Nat Rev Immunol
2009, 9:62-70.
An excellent review of the role of AnxA1 and glucocorticoids in the
resolution of inflammation.
31. Beaulieu E, Morand EF: Role of GILZ in immune regulation,
glucocorticoid actions and rheumatoid arthritis. Nat Rev
Rheumatol 2011, 7:340-348.
32. Li L, Chen SF, Liu Y: MAP kinase phosphatase-1, a critical
negative regulator of the innate immune response. Int J Clin
Exp Med 2009, 2:48-67.
33. Hannon R, Croxtall JD, Getting SJ, Roviezzo F, Yona S, PaulClark MJ, Gavins FN, Perretti M, Morris JF, Buckingham JC,
Flower RJ: Aberrant inflammation and resistance to
glucocorticoids in annexin 1S/S mouse. FASEB J 2003,
17:253-255.
www.sciencedirect.com

Please cite this article in press as: Sousa LP, et al.: Pharmacological strategies to resolve acute inflammation, Curr Opin Pharmacol (2013), http://dx.doi.org/10.1016/j.coph.2013.03.007

COPHAR-1151; NO. OF PAGES 7

Pharmacological strategies to resolve inflammation Sousa et al.

34. Pederzoli-Ribeil M, Maione F, Cooper D, Al-Kashi A, Dalli J,
Perretti M, D’Acquisto F: Design and characterization of a
cleavage-resistant annexin A1 mutant to control inflammation
in the microvasculature. Blood 2010, 116:4288-4296.
35. Patel HB, Kornerup KN, Sampaio AL, D’Acquisto F, Seed MP,
Girol AP, Gray M, Pitzalis C, Oliani SM, Perretti M: The impact of
endogenous annexin A1 on glucocorticoid control of
inflammatory arthritis. Ann Rheum Dis 2012, 71:1872-1880.
36. Montero-Melendez T, Dalli J, Perretti M: Gene expression
signature-based approach identifies a pro-resolving
mechanism of action for histone deacetylase inhibitors. Cell
Death Differ 2013, 20:567-575.
37. Dalli J, Jones CP, Cavalcanti DM, Farsky SH, Perretti M, Rankin SM:
 Annexin A1 regulates neutrophil clearance by macrophages in
the mouse bone marrow. FASEB J 2012, 26:387-396.
A paper that showed for the first time a physiological role for AnxA1 in
driving efferocytosis of aged neutrophils in vivo.
38. Vago JP, Nogueira CR, Tavares LP, Soriani FM, Lopes F,
 Russo RC, Pinho V, Teixeira MM, Sousa LP: Annexin A1
modulates natural and glucocorticoid-induced resolution of
inflammation by enhancing neutrophil apoptosis. J Leukoc Biol
2012, 92:249-258.
This paper shows for the first time that endogenous and exogenously
administrated AnxA1 drive spontaneous and LPS-induced inflammation
by inducing neutrophil apoptosis.
39. Solito E, Kamal A, Russo-Marie F, Buckingham JC, Marullo S,
Perretti M: A novel calcium-dependent proapoptotic effect of
annexin 1 on human neutrophils. FASEB J 2003, 17:1544-1546.
40. Maderna P, Yona S, Perretti M, Godson C: Modulation of
phagocytosis of apoptotic neutrophils by supernatant from
dexamethasone-treated macrophages and annexin-derived
peptide Ac(2-26). J Immunol 2005, 174:3727-3733.
41. Teixeira MM, Gristwood RW, Cooper N, Hellewell PG:
Phosphodiesterase (PDE)4 inhibitors: anti-inflammatory
drugs of the future? Trends Pharmacol Sci 1997, 18:164-171.
42. Bystrom J, Evans I, Newson J, Stables M, Toor I,

van Rooijen N, Crawford M, Colville-Nash P, Farrow S, Gilroy DW:

www.sciencedirect.com

7

Resolution-phase macrophages possess a unique
inflammatory phenotype that is controlled by camp. Blood
2008, 112:4117-4127.
A paper outlining the ability of intracellular levels of cAMP in dictating the
phenotype of resolution macrophages and implicating this pathway on
the resolution of systemic inflammation.
43. Rajakariar R, Newson J, Jackson EK, Sawmynaden P, Smith A,
Rahman F, Yaqoob MM, Gilroy DW: Nonresolving inflammation
in gp91phoxS/S mice, a model of human chronic
granulomatous disease, has lower adenosine and
cyclic adenosine 50 -monophosphate. J Immunol 2009,
182:3262-3269.
44. Frasch SC, Bratton DL: Emerging roles for
lysophosphatidylserine in resolution of inflammation. Prog
Lipid Res 2012, 51:199-207.
45. Takeshita S, Tsujimoto H, Nakatani K: Intravenous
immunoglobulin preparations promote apoptosis in
lipopolysaccharide-stimulated neutrophils via an oxygendependent pathway in vitro. APMIS 2005, 113:269-277.
46. Schutters K, Kusters DH, Chatrou ML, Montero-Melendez T,
 Donners M, Deckers NM, Krysko DV, Vandenabeele P, Perretti M,
Schurgers LJ, Reutelingsperger CP: Cell surface-expressed
phosphatidylserine as therapeutic target to enhance
phagocytosis of apoptotic cells. Cell Death Differ 2013,
20:49-56.
This paper shows for the first time in vivo induction of efferocytosis by a
variant of annexinV that increases ‘eat me’ signals on the surface of
apoptotic cells.
47. Fernandez-Boyanapalli RF, Frasch SC, McPhillips K,
Vandivier RW, Harry BL, Riches DW, Henson PM, Bratton DL:
Impaired apoptotic cell clearance in CGD due to altered
macrophage programming is reversed by phosphatidylserinedependent production of IL-4. Blood 2009, 113:2047-2055.
48. Frasch SC, Berry KZ, Fernandez-Boyanapalli R, Jin HS, Leslie C,
Henson PM, Murphy RC, Bratton DL: Nadph oxidase-dependent
generation of lysophosphatidylserine enhances clearance of
activated and dying neutrophils via G2A. J Biol Chem 2008,
283:33736-33749.

Current Opinion in Pharmacology 2013, 13:1–7

Please cite this article in press as: Sousa LP, et al.: Pharmacological strategies to resolve acute inflammation, Curr Opin Pharmacol (2013), http://dx.doi.org/10.1016/j.coph.2013.03.007

